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DEPARTMENT OF TRANSPORTATION
NATIONAL HIGHWAY TRAFFIC SAFETY ADMINISTRATION

REPORT AUTHOR(S)

MacLaughlin. T.F. and Saul, R.A.

This research addressed several aspects of the Agency's Frontal and Side Impact
Protection programs. Front structural characteristics of passenger cars having superior
crash survival potential for airbag-restrained occupants were identified, along with
characteristics which make large cars relatively non-aggressive to smaller cars in

frontal collisions. The standard fixed rigid barrier was evaluated as a

crashworthiness-measuring device, and three different barriers were evaluated for their

ability to measure frontal structural aggressiveness. Finally, the distribution of front

structural stiffness of several vehicles was studied. A recommendation was made to

explore the effect differences in striking vehicle stiffness distribution might have on
struck vehicle occupant injury severity in side collisions.

Characteristics of Crashsurvivable Vehicles — Frontal Collisions

To identify characteristics associated with crashsurvivability, an analysis of 29

frontal barrier crash tests, conducted at 35 mph under the New Car Assessment
Program, was performed. Three methods of determining occupant protection were
used: dummy measurements. Restraint Survival Distance (RSD) calculations, and
occupant/airbag simulations (using the ABAC model). The latter two methods give

indication of "potential" crashworthiness (protection provided by the vehicle structure,

given the presence of a nearly ideal restraint system).

A consistent trend of increased potential occupant survivability with increasing

vehicle weight was seen (32% increase in protection from 1700 to 4800 pounds).

Furthermore, potential occupant protecton was found to be highly dependent upon the

structural response of the vehicle. In general, vehicles showing potential for superior

protection experienced large dynamic crush values, and had occupant compartment
responses characterized by long pulse durations, low accelerations early in the crash

event, and late peak accelerations.

Characteristics of Non-Aggressive Vehicles — Frontal Collisions

Three fullsize passenger cars and one crashworthy subcompact car (VW Rabbit)

were selected for car/car crash testing. One of the fullsize cars (AMC Concord) was
hypothesized to be structurally aggressive, and two (Oldsmobile Cutlass and Mercury
Marguis), structurally non-aggressive, on the basis of fixed rigid barrier test results.

Fach large car was crashed full-frontally into the Rabbit, and two of the three large

cars were crashed into the Rabbit in a half-offset frontal mode. Crash test results

were analyzed to test the initial hypothesis regarding relative aggressiveness of the
(Continue on additional pages)
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large cars, and to determine vehicle characteristics associated with structural

aggressiveness. Dummy measurements, RSD calculations and ABAC simulations were

used in the analysis.

The Concord was found to be significantly more aggressive than the Marguis or

Cutlass in the full frontal collision with the Rabbit. The Concord was also more
aggressive than the Cutlass in the offset collision mode, although the aggressiveness

difference was considerably less than in the full frontal tests. 1 he greater front

structural stiffness of the Concord was suspected to be the primary cause of the

aggressiveness difference.

The aggressiveness difference hypothesized from the fixed rigid barrier tests was
confirmed in the car/car tests, providing evidence of a relationship between structural

response parameters in a barrier collision and aggressiveness exhibited in a frontal

car/car collision. In the barrier tests, the aggressive Concord experienced a small crush

value, and had an occupant compartment response characterized by a short pulse

duration with acceleration rising rapidly to an early peak value. In contrast, the less

aggressive Cutlass and Marguis had large crush values (approximately 45% greater than

the Concord), and responses with long pulse durations (about 30% longer), low
accelerations early in the crash event, and late peak accelerations (about 65% later).

From the results of the analysis of the New Car Assessment tests, previously

described, it appears that the characteristics of crashsurvi vable and non-aggressive

vehicles are the same. In fixed rigid barrier crash testing, both exhibit large crush

values and long-duration occupant compartment responses, with low accelerations early

in the event and late (but not necessarily low) peak values.

Crashworthiness Measurement — Fixed Rigid Barrier

Responses in three different subject vehicles resulting from fixed rigid barrier

collisions were compared with responses measured in the same subject vehicles when
struck full frontally by other (larger) vehicles. The objective was to determine how
well the occupant responses in full frontal car/car collisions can be expected to be

simulated in fixed rigid barrier collisions. The level of occupant protection was
determined (or inferred) from occupant compartment responses, dummy measurements,
steering column behavior, RSD calculations and ABAC simulations.

It was found that most of these responses and indicators of occupant protection

agreed closely between the fixed rigid barrier and car/car collisions, if the impact
velocities were chosen such that the energy dissipated by the subject vehicle was the

same in both the barrier test and the car/car tests. It was concluded, therefore, that

the fixed rigid barrier is an accurate crashworthiness-measuring device for high speed
full frontal car/car collisions, if test velocities are chosen on the basis of eguivalent
energy dissipation.

Aggressiveness Measurement

In a previous section, it was determined that a significant aggressiveness

difference existed between the AMC Concord (aggressive) and the Mercury Marguis
(non-aggressive). These two cars were crashed into three different barriers to

determine which measurements from the three barrier tests best correlated with the

degree of aggressiveness of the large cars, and thereby provided the best measure of

aggressiveness.



The three barriers were the fixed rigid barrier (FRB), fixed load cell barrier

(FLCB), and moving deformable barrier (MDB). The FLCB consisted of a load cell

barrier unit which contained 36 independent loading surfaces, each of which transmitted
force through a single load cell. The unit was attached to a standard FRB. It did not

deform under load, providing essentially identical loading to a vehicle as did the FRB,
but allowed load distribution over the vehicle's front surface to be measured with a high

degree of resolution.

The MDB, developed primarily for side impact testing, contained a crushable front

portion constructed of aluminum honeycomb. It was designed to provide crush

characteristics similar to a typical domestic automobile.

Differences in responses of the two cars (acceleration pulse shape and duration,

and maximum crush) were somewhat greater in the FRB and FLCB tests than in the

MDB tests. Barrier load cell data from the FLCB collisions revealed substantial

differences in load distribution and time-phasing between the two cars. The Concord's
stiffness was more centrally concentrated and forces peaked much earlier. Energy
levels in the MDB collisions were probably too high. Bottoming of the honeycomb
occurred over a large area of the barrier face in the Concord collision and it appeared
that the Marquis nearly caused bottoming. Thus, maximum barrier crush values were
nearly the same in the two tests. Evidence of the Concord's more centrally located
stiffness and the Marquis' more uniform stiffness distribution was seen, confirming
results of the FLCB tests.

The three barriers were approximately equal in their ability to discriminate

structural aggressiveness differences between the Concord and the Marquis. The FRB
and the FLCB produced a somewhat greater response difference between the two cars
than did the MDB. Both the FLCB and the MDB demonstrated their potential for

measuring stiffness distribution over the front area of the vehicles. However, it could

not be determined how significant the observed stiffness distribution differences were
with respect to aggressiveness.

It is recommended that, in further car/MDB testing, vehicle impact velocities be

reduced from what they were in the Concord and Marquis MDB collisions. This will

prevent bottoming of the barrier's honeycomb face and will reduce the amount of

energy being dissipated by the car to a more reasonable value.

In this study, test results from only two vehicles (Concord and Marquis) were

evaluated to indicate how structural aggressiveness might best be measured. It is

recognized that additional testing with later model year vehicles will be necessary to

firmly establish a reliable aggressiveness-measuring test methodology. It is important

that these tests include enough frontal offset collisions to enable determination of the

significance of frontal stiffness distribution on aggressiveness. If not significant, the

importance of measuring stiffness distribution would be greatly diminished, and use of

the simple FRB test for measuring aggressiveness may be sufficient.

Front Stiffness Distribution — Side Collision

It has been postulated that occupant injury severity in car-to-car side collisions

may be a function of the frontal stiffness distribution of the striking car. Several

car/load cell barrier crash tests were analyzed in order to determine how much
difference exists in the frontal stiffness distributions of similar weight cars.
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Significant differences were found in the frontal force distributions between the

Citation and the Fairmont in 30" frontal collisions. The Citation was much stiffer than

the Fairmont on the left front corner, and was softer in the center, due primarily to

stiffness differences at the bumper level.

It is recommended that frontal stiffness distribution differences among vehicles be

further explored, and that the effects of these differences on side impact struck car

occupant injury severity be investigated. This could be done by component testing, sled

testing, and/or crash testing with either car/car or MDB/car impacts.



1.0 INTRODUCTION

This report presents the results of Project SRL-20, "Vehicle Aggressiveness and

Compatibility," conducted at the Vehicle Research and Test Center (VRTC) of the

National Highway Traffic Safety Administration. The major emphasis of this research

related to two tasks of the Agency's Frontal Crash Protection program. These two

tasks were determination of vehicle structural characteristics and test procedure

development.

Results of the following activities contribute to the accomplishment of the vehicle

structural characteristics task. First, the characteristics of passenger cars having

superior crashsurvival potential were identified, through detailed analysis of 35 mph

barrier crash test data used in conjunction with simple occupant models. Second, the

characteristics of large passenger cars which make them relatively non-aggressive to

smaller cars in frontal collisions were identified. Finally, characteristics responsible

for good crashsurvivability and low aggressiveness were compared.

Two studies were conducted which contributed to the accomplishment of the test

procedure development task. First, an evaluation was performed of how well the

standard fixed rigid barrier measures the crashworthiness of small cars involved in

car/car collisions. And secondly, three different crash barriers were evaluated for their

ability to measure frontal structural aggressiveness.

All of the work addressing frontal crashworthiness and aggressiveness involved

restrained front seat occupants.

A secondary emphasis of Project SRL-20 had application to the vehicle structural

characteristics task of the Agency's Side Protection program. A study was made of how

the front structural stiffnesses of vehicles were distributed over the vehicles' frontal

areas. Recommendations were made on determining the effect of stiffness distribution

differences among striking vehicles on occupant survivability in struck vehicles.

1



2.0

FRONTAL PRQTLCTION - VEHICLE STRUCTURAL CHARACTERISTICS
2.1

Characteristics of Crashsurvivable Vehicles

2.1.1 Introduction ;

An analysis of 35 inph frontal barrier crash tests, conducted under the

Agency's New Car Assessment Program, was performed for the following purposes:

1) To determine the degree and variability of frontal crashsurvivability of cars

in all weight classes using Restraint Survival Distance (RSD) calculations and

occupant/airbag simulations (using the ABAC model) to supplement dummy

measurements.

2) To find general reasons for enhanced crashworthiness exhibited by some of

the vehicles by looking at such factors as the shape of the vehicle

acceleration-time pulse.

3) To provide general recommendations regarding the selection of vehicles to be

modified as future demonstration vehicles.

This analysis was not conducted to determine rating information or

crashworthiness comparisons among vehicles; therefore, the names of the vehicles

have been omitted, and they have been identified only by a letter or number

designation.

2.1.2 Data Processing

The data analyzed in this study were obtained from digital magnetic computer

tapes and reports of New Car Assessment and Standards Enforcement Indicant Tests

conducted by three contractors. The vehicles included in the study are primarily 1979

model cars. The data obtained from the crash tests included occupant responses and

vehicle accelerations.

The longitudinal compartment acceleration data were obtained from

accelerometers located below the front seat, below the rear seat, or at the vehicle

center of gravity. All compartment acceleration data were digitally processed at the

2



VRTC through a phaseless, low pass Butterworth filter with a 40 Hz cutoff frequency

and -40dB attenuation at a stop band frequency of 127 Hz. The 40 Hz filter was chosen

as the lowest frequency which eliminated extraneous high frequencies while preserving

the fundamental crash pulse features (such as pulse duration and dynamic crush).

Higher frequency components of the compartment responses were not judged to

contribute to the occupant response. Unfortunately, however, the analog filtering of

the data at the contractor sites was not uniform (although conforming to SAE J211

recommended filtering practice) for all crash tests, resulting in errors for the indicated

time zero for some tests. For each of those tests, the acceleration pulse was shifted

prior to digital filtering to allow the initial rise in acceleration to correspond to time

zero. The acceleration pulse v/as then examined to insure that the velocity change for

the test was within reason.

Summarized in Table 1 are the dynamic crush differences between the contractor

and VRTC which resulted from the detailed compartment pulse examination described

above. Static crush values were not used in this analysis due to uncertainties which

were encountered in extracting these values from the test reports (see Appendix A).

2.1.3 Measurement of Occupant Protection

Three methods were used in this study for determining occupant protection:

dummy measurements, Restraint Survival Distance (RSD) calculations and advanced

restraint system modeling with the ABAC computer model. Dummy responses provide a

measure of "actual" crashworthiness, while the other two methods give a good

indication of "potential" crashworthiness (i.e., occupant protection that theoretically

would be provided by the vehicle if it contained a more nearly ideal restraint system).

The use of dummy measurements is the most direct method of determining

occupant crash survival. Occupant injury severity indicators derived from dummy

measurements are dependent upon the crash pulse (crash severity), compartment

integrity, and performance of the occupant restraint and containment system. They

are, however, subject to some degree of variation due to variables such as placement of

the surrogate within the restraint system, positioning of the seat, etc. And, because

they are dependent upon the restraint system, dummy measurements do not allow

determination of the potential for occupant protection that would exist in a particular

vehicle structure if a different restraint system were installed in the vehicle.
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Restraint Survival Distance (RSD) is a useful indicator of the potential for

occupant crash survival. The RSD ia the occupant stroking distance remaining after the

crash, and is defined as

RSD = AID - (D - D ), [1]pc’
where:

AID is the Available Internal Distance (i.e., the distance between occupant and
interior vehicle surfaces); and

Dp and D^ are the distances represented by the areas under the dashed and

solid curves, respectively, in the interval between t^ and t*, of Figure 1. t* is the

time beyond which the vehicle velocity exceeds the maximum human tolerance velocity

and ridedown occurs.

The quantity D^-D^ can be thought of as the minimum amount of internal

distance required to safely bring the occupant's velocity down to the vehicle's velocity.

Defined as the Required Internal Distance (RID), it is represented by the shaded area in

Figure 1. Beyond t*, it is assumed that the occupant can safely ride down the vehicle

for the remainder of the crash. It is clear from equation [1] that minimizing the RID

(i.e., the quantity D^-D^) serves to maximize the RSD (and also the

crashworthiness). If the computed RSD is a positive number, it indicates that the

available internal distance exceeded the required internal distance. If negative, it

indicates that the available distance was not sufficient to adequately protect the

occupant. The derivation of RSD is contained in Reference 1.

The parameters needed to define the occupant's velocity-time response (the dashed

line of Figure 1) are restraint system deployment time, maximum tolerable acceleration

rate and maximum tolerable acceleration level. For this study, the values used were 30

milliseconds, 3000 g's/second and 60 g's, respectively.

The ABAC computer model provides prediction of the degree of occupant crash

survival that would result from equipping the vehicle with an airbag restraint system.

The model is a one-dimensional program which simulates the cushioning of an

occupant's torso with an airbag that is being simultaneously inflated and vented. The

program utilizes the vehicle crash pulse to produce occupant acceleration, velocity, and

displacement time histories. Unfortunately, the model does not account for

compartment integrity and, therefore, occupant injury which might result from

intrusion.
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FIGURE 1. Velocity-Time Responses of Vehicle and Occupant.



The approach in this study was to utilize the ABAC program to differentiate

between different crash pulses (i.e., different vehicles) by simulating "standard" driver

and passenger air cushion restraint systems. No effort was made to optimize the ABAC
parameters for each individual vehicle.

Prior to selecting the ABAC model for this analysis, an extensive evaluation was

made of two different occupant models; ABAC and HSRI-3D. The objective was to

define a revised set of imput parameters for each of these models which would allow

the prediction of occupant survivability in many different vehicles. It was generally

concluded that, using revised input parameter values derived from 35 mph barrier crash

test data, both the ABAC and HSRI-3D models provided reasonably accurate

simulations of driver and passenger responses. Although the models are about equal in

their simulation capability, the ABAG model was felt to be more suitable for use in

comparing overall crashsurvivability levels in different vehicles, because of its

simplicity, ease of use and better documentation; and the HSRI-3D model was felt to

have greater potential for use in detailed modeling in a particular vehicle for design

purposes, because of the more detailed input parameter requirements. A summary of

the model evaluation study appears in Appendix B. The complete study is contained in

Reference 2.

An advantage of the RSD calculation and the ABAG simulation is that they allow

determination and comparison of the potential for occupant protection provided by

different vehicle structures, all containing the same "idealized" restraint system.

2. [A Results

The analysis results are presented and discussed according to the vehicle weight

category. The vehicles were categorized by curb weights as shown in Table 2.

TABLE 2

Weight Categories

NUMBER CLASSIFICATION V/EIGHT

I Mini-Compact Below 2,150 pounds
9 Sub-Compact 2,150 to 2,650 pounds
3 Intermediate 2,651 to 3,350 pounds
4 Standard Above 3,350 pounds

7



2. 1.4. 1 Dummy Measurements

The crash test parameters and dummy measurements are summarized in Table 3.

Driver and passenger MIC measurements and peak chest accelerations are presented in

Figures 2-5. Each vehicle is represented by a symbol (letter or number) which

corresponds to that in Table 3. A least squares line was fit to the data in each figure.

Three observations were immediately apparent:

1) There was a very large amount of variability among vehicles, especially in HlC.

2) There was a slight trend of improved occupant protection in the larger vehicles.

3) There were a large number of vehicles in which occupant injury criteria were

exceeded. (In fact, the least squares lines for HlC for both occupants are higher

than 1000 over most of the weight range.)

An attempt was made to identify the "best" and the "worst" vehicles in terms of

occupant head and chest protection, and to determine whether or not good and poor

occupant protection could be correlated with any occupant compartment response

characteristics. In each of Figures 2-5, the five vehicles whose injury measures were

the furthest distances above the least squares line were singled out. Similarly, the five

vehicles whose injury measures were the furthest distances below the least squares line

were identified. Then those vehicles appearing more than once among the "best five"

(or the "worst five") were listed. The result of this exercise is shown in Table 4.

Although somewhat arbitrary, this scheme identified two distinctly different groups of

vehicles in terms of measured occupant protection.

The crash responses of these ten vehicles were then examined, in hopes of

identifying features which appeared to correlate with good or poor protection.

Table 5 shows average dynamic crush values for the two groups of vehicles, along

with the overall average for all vehicles. It is seen that the "best five" vehicles had a

slightly greater average crush than did the "worst five" vehicles, even

8
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TABLE 4

Identification of "Best" and "Worst" Vehicles

in Terms of Measured Occupant Protection

DUMMY MEASUREMENT "BEST EIVE" VEHICLES "WORST FIVE" VEHICLES

Driver HIC E J X Z 4 A N T W Y
Passenger HIC C E H L Q A G J N 2

Driver Peak Chest Accel. F H K P W A U Y 2 3

Passenger Peak Chest Accel. C E H L W B D G M N

Vehicles appearing more than once among the "Best Five": C E H L W

Vehicles appearing more than once among the "Worst Five": A G N Y 2

TABLE 5

Dynamic Crush Values of Vehicles Determined to be

"Best" and "Worst" by Dummy Measurements

Average Average
Curb Weight Dynamic Crush

(pounds) (inches)

"Best Five" Vehicles 2624 32.54

"Worst Five" Vehicles 3042 30.66

All Vehicles 3094 32.02
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though they averaged a lighter weight. This would indicate, not unexpectedly, that a

softer front structure (resulting in greater crush) is correlated with enhanced occupant

protection in a 35 mph barrier collision.

Occupant compartment acceleration- and velocity-time responses for the 10

vehicles are shown in Figures 6-9. Each figure contains the responses of the two or

three vehicles within a given weight category. It turned out that each category

contained both "good" and "poor" vehicles. Observations were made within each weight

category, as follows:

Mini-Compact ;

Vehicle A — "poor" occupant protection.

Vehicle C — "good" occupant protection.

Vehicle responses were similar in shape, but Vehicle C had a slightly lower

peak acceleration, a longer pulse duration, and considerably greater dynamic

crush.

Sub-Compact;

Vehicle E — "good" occupant protection.

Vehicle G ™ "poor" occupant protection.

Vehicle H —"good" occupant protection.

Acceleration responses were quite different in shape. Vehicle G had a

considerably higher peak acceleration than the other two cars, and it

occurred earlier. Vehicle E had the shortest pulse duration, the smallest

dynamic crush, and the smoothest acceleration and velocity response shape.

Intermediate ;

Vehicle L — "good" occupant protection.

Vehicle N — "poor" occupant protection.

Acceleration pulse shapes and durations were similar, with the notable

exception of the very high peak acceleration for Vehicle N. Vehicle L had

slightly greater dynamic crush.
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Standard:

Vehicle W — "good" occupant protection.

Vehicle Y — "poor" occupant protection.

Vehicle 2 — "poor" occupant protection.

Vehicle VV had a somewhat smoother acceleration pulse, with a lower peak

value, than the other cars. The velocity-time responses were similar, but

Vehicle VV had a less rapid change in velocity after 75 ms, and a slightly

longer pulse duration, resulting in greater dynamic crush.

In summary, vehicles offering "good" occupant protection generally had longer and

smoother acceleration responses with lower peak acceleration and greater dynamic

crush values than did vehicles offering "poor" occupant protection. The only exception

was Vehicle E, a "good" vehicle, which had a shorter pulse duration and smaller dynamic

crush than the "poor" vehicles in its weight category.

2. 1.4.2 Restraint Survival Distance Calculations

A problem was encountered in the data analysis which prevented the calculation of

the RSD. It was found that there was no uniform way to determine a value for the AID

from the test reports. Calspan Corporation provided two measurements which were

suitable for AID: CD (dummy chest to dash) and HVV (dummy head to windshield).

According to the figure provided in their reports, HVV was measured from the dummy's

forehead. Dynamic Science, Inc. (DSI), presented a table listing two suitable

measurements: chest to instrument panel and nose to windshield. Unfortunately, the

chest to instrument panel measurement was not recorded in all of the DSI reports; and

DSI's nose to windshield measurement was obviously different from Calspan's forehead

to windshield measurement.

Conseguently, only the RID (which is the second term of eguation 1) is presented in

this analysis. The calculation summary is presented in Table 6, and RID is plotted in

Figure 10 for each vehicle. A least squares line has been fit to the data.

It was expected that the variability of RID among vehicles would be much less than

that observed for the dummy measurements, since experimental variability inherent in

20



TABLE 6

CaLcuLation Summary for Minimum Required Internal Distance (RID)

VEHICLE
T*

(Sec)

DC

(in.)

DP

(in.)

RID

(in.)CLASS YEAR SYMBOL

Mi ni-Compact 1979 A 0.0625 24.35 32.03 7.68
1979 B 0.0539 26.52 30.87 4.35
1979 C 0.0564 25.68 31.03 5.35
1979 D 0.0567 26.21 31.50 5.29

Sub-Compact 1979 E 0.0573 26.08 31.34 5.26
1979 F 0.0596 25.30 31.66 6.36
1979 G 0.0552 26.30 30.75 4.45
1979 H 0.0473 24.87 27.90 3.03
1979 I 0.0486 24.77 28.68 3.91

Intermedi ate 1979 J 0.0601 25.22 32.06 6.84
1979 K 0.0586 26.70 31.80 5.10

1980 L 0.0536 25.14 30.48 5.34
1979 M 0,0577 25.53 31.93 6.40
1979 N 0.0518 25.33 28.89 3.56
1980 0 0.0641 22.86 32.03 9.17
1979 P 0.0530 24.34 30.30 5.96

1979 Q 0.0483 25.22 28.39 3.17

Standard 1979 R 0.0492 25.75 29.21 3.46

1979 S 0.0545 25.72 30.37 4.65

1979 T 0.0555 26.37 31.02 4.65

1979 U 0.0576 25.77 31.70 5.93

1979 V 0.0465 25.48 28.10 2.62

1979 w 0.0521 26.15 30.38 4.23

1979 X 0.0518 25.72 30.18 4.46

1979 Y 0.0515 24.70 29.71 5.01

1979 Z 0.0528 26.69 30.53 3.84

1979 2 0.0503 25.23 29.29 4.06

1979 3 0.0447 24.90 26.86 1.96

1979 4 0.0490 25,11 28.95 3.84
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obtaining dummy data, and variability due to different belt restraint systems and

different occupant compartment geometry among the vehicles are not factors in the

determination of RID. However, it is seen that a large amount of variability does exist

in RID, indicating that the potential occupant protection capability is very sensitive to

the structural response of the vehicle. Also, a definite trend of improved protection

capability with increasing vehicle weight can be observed.

As was done with the dummy data, the "best five" and "worst five" vehicles were

identified (those vehicles whose RID calculations were furthest from the least squares

line). The "best five" vehicles were B, H, Q, V and 3; the "worst five" were A, J, M,

and U. It is interesting that only one vehicle (H) appears in the "best five" based on

both criteria (dummy measurements and RID calculation); and only one vehicle (A)

appears in the "worst five" based on both criteria.

Table 7 shows average dynamic crush values for the two groups of vehicles,

compared with the average for all vehicles. The "best five" vehicles average

significantly greater crush values than the "worst five", a similar (but more pronounced)

trend as was observed in Table 5 for the dummy measurement criteria.

Occupant compartment responses (filtered at 40 hz) for the ten vehicles are shown

in Figures 11-14. Of the ten, there was only one vehicle (H) in the Sub-Compact weight

category, and four (J, M, O and Q) were in the Intermediate category. Therefore, for

ease of comparison, the Sub-Compact vehicle was plotted with the two lightest

Intermediates (Figure 12), and the two heaviest Intermediates were plotted together in

Figure 13. Observations within these groups are as follows:

TABLE 7

Dynamic Crush Values of Vehicles Determined to be

"Best" and "Worst" by RID Calculations

Average Average
Curb V/eight Dynamic Crush

(pounds) (inches)

"Best Five" Vehicles 3124 36.24

"V/orst Five" Vehicles 2801 26.76

All Vehicles 3094 32.02
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Mini-Compact:

Vehicle A — "poor" occupant protection.

Vehicle B — "good" occupant protection.

Acceleration pulse shapes were similar, but Vehicle B had a slightly lower

peak acceleration, a longer pulse duration and much greater dynamic crush.

(Note the similarity of this comparison with that of Vehicles A and C, for the

dummy measurement criterion.)

Sub-Compact and Light Intermediate :

Vehicle H ~ "good" occupant protection.

Vehicle J — "poor" occupant protection.

Vehicle M — "poor" occupant protection.

Acceleration pulse shapes were similar for Vehicles J and M. For Vehicle H,

however,, the shape was noticeably different, with a very low acceleration

early in the event and a later peak. Also, the dynamic crush of Vehicle H was

much greater.

Heavy Intermediate :

Vehicle — "poor" occupant protection.

Vehicle Q — "good" occupant protection.

Differences are very pronounced. Vehicle O developed high accelerations

very early in the event, and had a very short pulse duration. Vehicle Q had a

very late peak acceleration and much greater dynamic crush.

Standard :

Vehicle U — "poor" occupant protection.

Vehicle V — "good" occupant protection.

Vehicle 3 — "good" occupant protection.

Responses were similar for Vehicles V and 3, both of which had low

accelerations early in the event and late peaks. In contrast. Vehicle U

exhibited a higher acceleration early in the event, a much shorter pulse

duration and much less dynamic crush.
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In summary, vehicles offering "good" occupant protection had long pulse durations,

large dynamic crushes, and acceleration pulse shapes characterized by low values early

in the event and late peaks (which often were higher than those for vehicles offering

"poor" protection).

2. 1.4.3 ABAG Model Simulations

ABAC computer model simulations were run for 5th percentile female, 50th

percentile male and 95th percentile male drivers and passengers. Maximum chest

accelerations and steering column displacements are reported in Table 8. Figures 15-20

contain maximum chest accelerations plotted against vehicle curb weights, along with

least squares lines. The following observations were made:

1) Although a large amount of variability among vehicles was apparent, it was

somewhat less than that seen for dummy measurements and RID.

2) Peak chest acceleration was fairly insensitive to occupant size, with the exception

of the 5th percentile female passenger.

3) A definite trend of improved occupant protection potential with increasing vehicle

weight was observed.

Using the same procedure as was done with the dummy data and RID calculations,

the "best five" and "worst five" vehicles were identified from each of the six occupant

plots (Figures 15-20). Those vehicles appearing among the "best five" or "worst five" at

least four times were listed, as shown in Table 9. Of the four vehicles identified as

"best", two (H and Q) were among the "best five" based on the RID calculation

criterion, and one (H) was among the "best" according to all three criteria. All four of

the "worst" vehicles were among the "worst five" based on the RID calculation

criterion, and one (A) was identified in the "worst" category by all three criteria.

In Table 10, it is seen that the "best four" vehicles averaged significantly greater

dynamic crush than the "worst four", as was the case for the RID criterion.

Occupant compartment responses (filtered at 40 hz) for the eight vehicles appear

in Figures 21-23. There was only one vehicle (A) in the Mini-Compact weight category.
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TABLE 9

Identification of "Best" and "Worst" Vehicles

as Determined from ABAC Simulation Results

OCCUPANT "BEST FIVE" VEHICLES "WORST FIVE" VEHICLES

5th % F Driver

50th % M Driver
95th % M Driver

5th % F Passenger
50th % M Passenger
95th % M Passenger

HI Q R V
H I L P Y
H L P W Y
HI Q R V
B H I Q R
B H I Q R

A F J O U
A O U Z 3

A U Z 3

J M O T U
A J M U
A J O T U

Vehicles appearing at least four times among the "Best Five"; H I Q R

Vehicles appearing at least four times among the "Worst Five"; A J O U

TABLE 10

Dynamic Crush Values of Vehicles Determined to be

"Best" and "Worst" by ABAC Simulations

Average Average
Curb Vy/eight Dynamic Crush

(pounds) (inches)

"Best Four" Vehicles 2958 35.60

"V7orst Four" Vehicles 2797 25.98

All Vehicles 3094 32.02
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and both vehicles in the Sub-Compact category (H and I) were among the "best four";

therefore, these two categories were combined in Figure 21. Observations are as

follows:

Mini-Compact and Sub-Compact:

Vehicle A — "poor" occupant protection.

Vehicle H — "good" occupant protection.

Vehicle I -- "good" occupant protection.

Acceleration pulse shapes were very similar for Vehicles H and I. Vehicle

A's, however, was very different, having higher acceleration levels early in

the event and a much shorter pulse duration. The dynamic crush of Vehicle A

was also much less.

Intermediate :

Vehicle J — "poor" occupant protection.

Vehicle O — "poor" occupant protection.

Vehicle Q — "good" occupant protection.

Acceleration responses were similar for Vehicles J and O, having early peaks

and short durations. Although the peak acceleration for Vehicle Q was

higher, it occurred very late, and the pulse shape was characterized by low

values early in the event. Maxinnum crush was much greater for Vehicle Q.

Standard :

Vehicle R — "good" occupant protection.

Vehicle U — "poor" occupant protection.

The acceleration of Vehicle U rose to a higher peak earlier in the crash event

than that of Vehicle R. Vehicle R had a substantially longer pulse duration

and greater maximum crush.

In summary, vehicles offering "good" occupant protection had low accelerations

early in the crash event, late peak accelerations, long pulse durations and large

maximum dynamic crush values.
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2.1.5 CONCLUSIONS

2. 1.5.1 General Observations

A distinct and consistent trend of increased potential occupant survivability with

increasing vehicle weight was seen. On average, including three indicators of occupant

survivability (dummy measurements, RID calculations and ABAC modeling results), the

analysis showed a 32% increase in occupant protection potential over the weight range

from 1700 pounds to 4800 pounds (curb weight).

A strong correlation between maximum vehicle crush and occupant survivability

(greater survival potential for higher crush values) was observed. Using dummy

measurements as the occupant protection criteria, the difference between "best" and

"worst" vehicles was found to be slight (less than two inches). Using the other criteria,

however, very significant differences (nearly ten inches) were seen between "best" and

"worst" vehicles. This suggests that when variabilities in restraint systems and dummy

measurements are eliminated (as they are in the RID and ABAG determinations), the

relationship between crush and protection potential for restrained occupants is shown

clearly to be significant.

2. 1.5.2 Reasons for Enhanced Crashsurvivability

A very large amount of variability among vehicles was observed in the dummy

measurements. In the occupant modeling and stroking distance calculations, even

though variability inherent with dummies and due to different restraints and

compartment geometries was eliminated, significant variability was still evident. The

required internal occupant stroking distances ranged from 2 to 9 inches, and chest

accelerations from the ABAG modeling generally varied by a factor of two. This

indicated that potential protection of restrained occupants is very dependent upon the

structural response of the vehicle.

In general, vehicles showing potential for superior crashsurvivability experienced

large dynamic crush values, and had occupant compartment responses which were

characterized by long pulse durations, low accelerations early in the crash event, and

late peak accelerations.



2. 1.5.3 Selection of Vehicles for Future Modification

Only one vehicle was identified in the "best" crashsurvivability category according

to all three criteria (dummy measurements, stroking distance calculation and ABAC

modeling results). This was Vehicle H, a sub-compact. One other vehicle, (Vehicle Q,

an intermediate), appeared among the "best" according to two criteria, stroking

distance and ABAC modeling. However, recommending either of these specific vehicles

for future modification to achieve and demonstrate further enhancement of frontal

crashsurvivability is not justified on the basis of this analysis alone. Also needed would

be a more thorough examination of other aspects of the vehicle and its crash response

(such as interior geometry, steering column behavior, firewall intrusion, etc.). It can be

concluded from this study that any vehicle having an occupant compartment crash

response similar to those of these two vehicles (i.e., low accelerations early in the

event and late peak accelerations) has a frontal structure which potentially offers

superior protection for its occupants.

2.2 Characteristics of Non-Aggressive Vehicles

2.2.1 Introduction

Previous research has been conducted at the VRTC to determine vehicle

characteristics which affect frontal structural aggressiveness (3,4). Parameters

associated with increased aggressiveness (in addition to increased vehicle weight) are:

1. Increased stiffness of the frame forward of the front wheel suspension.

2. Increased frontal sheet metal stiffness.

3. Reduced bumper-to-engine clearance.

Parameters having little or no influence on aggressiveness are;

1. Stiffness of the frame between front wheel suspension and occupant

compartment.

2. V7eight of engine plus transmission.

3. Weight of bumper.
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Thus, it appears that those parameters closest to the front of the vehicle, which

are involved very early in the crash event, are the most significant in determining level

of aggressiveness (with the exception of the weight of the bumper, which is evidently

light enough to be insignificant).

In addition, preliminary evaluation of potential devices to measure vehicle

aggressiveness indicated the possibility that the degree of structural aggressiveness

exhibited by a vehicle in a frontal collision with a small car may be determined in a

fixed rigid barrier (FRB) crash test by measuring only the maximum vehicle crush (and

knowing the vehicle's weight). Measurement of vehicle aggressiveness is addressed

further in Section 3.2.

In this project, additional crash tests were conducted and analyzed for purposes of

further identifying aggressiveness characteristics (reported in this section of the report)

and for more thoroughly evaluating the ability of different barriers for measuring

aggressiveness (reported in Section 3.2).

2.2.2 Experimental Approach

The general approach was to select two fullsize passenger cars, one of which was

hypothesized to be aggressive, and one, non-aggressive, on the basis of fixed rigid

barrier test results. Each fullsize car would then be crashed into a crashworthy

subcompact car in both full frontal and offset frontal collision modes. Analysis of the

crash test results was expected to confirm the initial hypothesis regarding degree of

aggressiveness of the large cars, and would also provide added knowledge regarding
1

vehicle characteristics associated with aggressive (or non-aggressive) behavior. In

addition to car/car tests, large car to barrier tests were to be conducted to determine

the capability of different types of barriers for measuring aggressiveness (to be

described in Section 3.2).

2.2.3 Vehicle Selection

Vehicles were selected to represent as nearly as possible typical full size and

sub-compact vehicles expected to be produced in 1990. Prime factors considered were

weights and sales as projected by the Transportation Systems Center (5). The TSC '

projections indicated that a small vehicle curb weight under 2000 lbs., and a large
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vehicle curb weight of approximately 3200 lbs. should be reasonable vehicle weights for

the crash test selection. A further point of consideration was the projected engine and

drive configurations. By 1990, seventy percent of all U.S. cars are estimated to feature

front-wheel drive with engines mounted transversely in the front of the vehicle (6).

Unfortunately, at the time the vehicles were selected, a limited number of large

production vehicles had these features, so the large vehicles selected for the

aggressiveness testing were limited to conventional rear wheel drive.

F ull frontal rigid barrier crash test data, compiled by the Office of Market

Incentives under the New Car Assessment Program, were analyzed in order to select

the aggressive and non-aggressive large vehicles and the crashworthy small vehicle.

The vehicles were classified by weight as was shown in Table 2.

The large vehicle test data are summarized in Table 11. As shown in Figure 24, the

AMC Concord and the Oldsmobile Cutlass were the two vehicles of comparable (and

desirable) test weights having the largest difference in crush. From this it was

expected that the AMC Concord would be a much more aggressive car than the

Oldsmobile Cutlass. The compartment responses (Figure 25) also supported this

conclusion. The Cutlass was much softer than the Concord in the early part of the

pulse, and was expected to allow a much better cushion for the occupant of a struck

vehicle. The 1980 AMC Concord and the 1979 Oldsmobile Cutlass initially were

selected, then, to represent the aggressive and non-aggressive large cars, respectively.

The specifications for these two cars are shown in Table 12.

TABLE 12

Large Car Specifications for Testing of Potential Aggressiveness Test Devices

Manufacturer CMC AMC FORD

Make/Model
Oldsmobile
Cutlass Supreme Concord DL Mercury Marquis

Body Style 2-door Sedan 2-door Sedan 2-door Sedan

Engine

Cylinders* V6 6 8

Engine

Displacement* 3.8 L(232 in^) 4.2L (258 in^) 4.9L (302 in^)

Transmission Automatic
3-speed

Automatic
3-speed

Automatic
3-speed

*In the car-to-car test [described in a subsequent section], the Cutlass Supreme
engine was a 260 cu.in. V8. The effect this has on the Cutlass Supreme level of

aggressiveness is unknown. However, previous studies (3,4) have indicated that a

reduced engine-to-bumper clearance slightly increases vehicle aggressiveness.
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It was learned in subsequent crash testing that the Cutlass had a tendency to

structurally override the main structural elements of its crash partner. This

1 phenomenon was observed in both car/car and car/moving deformable barrier tests, and

j

was judged to have been caused by a design peculiarity in the Cutlass' frame geometry,

j

It is generally accepted that there are three sources of vehicle aggressiveness:

i

structural, geometric and mass effects. The occurrence of override (a geometric

I

aggressiveness effect) had the effect of confounding the test results, so that it was not

I

possible to separate structural from geometric influences on aggressiveness. It was

originally intended that only structural aggressiveness be addressed in this program;

therefore, another large non-aggressive vehicle was selected to replace the Cutlass.

I

Referring to Figure 24, it is seen that the Mercury Marquis exhibited crush values

which were approximately the same as the Cutlass. Figure 26 shows the compartment

response of the Marquis compared with the Cutlass and Concord. Responses of the

Marquis and Cutlass were very similar, and the relationship between Marquis and

Concord responses were similar to that between Cutlass and Concord. A difficulty with

the Marquis was that its curb weight was considerably greater than those of the Cutlass

and Concord. However, the 1981 Mercury Marquis was downsized from the 1979 model

year, and it was concluded that the test weight of the Marquis could be controlled to be

approximately equal to that of the Concord, and possible mass effects on the

aggressiveness difference between the two vehicles could be eliminated. A subsequent

test of the Marquis into the load cell barrier, where the Marquis' weight was reduced

from that of the FRB test, resulted in a response which was very similar to the FRB

test response. Therefore, the Mercury Marquis was selected to replace the Cutlass in

the aggressiveness test program. Its specifications are shown in Table 12.

it was clear that the tendency of the Cutlass to override was not an experimental

anomoly, but was an occurrence which is typical in real world accidents. Consequently,

both the full and offset frontal crash tests were conducted with the Cutlass and were

analyzed along with the Concord and Marquis tests.

To select a crashworthy small vehicle, the vehicle crash pulses (7,8,9), dummy

measurements. Restraint Survival Distance (RSD) calculations and ABAC computer

simulations were examined. The use of dummy measurements to judge levels of
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crashworthiness were supplemented with RSD and ABAG in order to better assess the

potential for crash survival in the vehicles. Primary attention was given to vehicles in

the mini-compact classification.

One note should be made regarding the VVV Rabbit and the Chevrolet Chevette

restraint systems when comparing the dummy measurements. The front seat occupants

of these two cars were restrained by production passive systems. The Rabbit employed

an automatic diagonal torso belt with lower instrument panel knee bolster, while the

Chevette had a manual lap belt with the automatic diagonal torso belt. The front seat

occupants in the other cars were restrained with active three point systems.

The dummy measurements (summarized in Table 13) are compared in Figures 27

and 28. Of the four cars within the desired weight range (under 2000 lbs.), the VVV

Rabbit had the lowest dummy measurements.

The Restraint Survival Distances are summarized in Table 14 and Figure 29. The

available internal distances (AID's) used for the RSD computations are based on a

measured distance between the dummy's nose and the windshield. While it is not felt

that this is the best determination of AID for computing RSD, it is the only common

dimension included in each of the crash test reports. This analysis shows that the VW

Rabbit has a better RSD than other vehicles under 2000 pounds in weight.

The ABAG computer simulations (Table 15 and Figure 30) show the Plymouth

Champ, VVV Rabbit, Datsun Sedan and Plymouth Horizon to be nearly equal and better

than the other four vehicles.

The crash survivability predictions were more consistent and indicated better

potential crashworthiness for the VW Rabbit than for the other vehicles. Because of

this and the fact that the Rabbit is one of the lighter vehicles and has a transverse

engine with front wheel drive, it was selected as the small, crashworthy car for the

crash test matrix. The specifications for the VW Rabbit are shown in Table 16.

Table 16

Small, Crashworthy Car Specifications for the Crash Test Matrix

Manufacturer VVV of America, Inc.

Make/Model VW Rabbit

Body 2-door Hatchback
Engine Cylinders 4

Engine Displacement 89 cu. in.

Transmission 4-speed, manual
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2.2.4 Car/Car Crash Test Results

Five car/car frontal crash tests were conducted, each at a nominal closing velocity

of 64 mph. The AMC Concord, Mercury Marquis and Oldsmobile Cutlass each were to

be crashed into the VVV Rabbit in full frontal and offset frontal collision modes.

However, the offset collision between the Marquis and the Rabbit was not performed.

A summary of vehicle data and test conditions is presented in Table 17.

2.4.4.1 Full Frontal Collisions

No significant differences in maximum crush occurred among the Rabbits in the

three full frontal tests. However, maximum intrusion in the Rabbit struck by the

Concord was nearly twice that in the other two Rabbits (see Table 17).

Figure 31 shows the Rabbits' occupant compartment responses resulting from the

three tests. The Rabbit struck by the Concord, although very similar to the Marquis

collision during the first 30 milliseconds, experienced a higher level of acceleration

through the first 70 milliseconds of the event than in either the Marquis or Cutlass

collisions. Consequently, the Rabbit collision with the Concord resulted in a more rapid

velocity change between 30 and 70 milliseconds.

The dummy measurements for the Rabbits are shown in Table 18. HIC and peak

chest accelerations were, in general, considerably higher for the Rabbit struck by the

Concord, indicating the Concord to be more aggressive than either the Marquis or

Cutlass. However, observation of the high speed films revealed that the shoulder belt

slid partially off the driver's shoulder in each test, allowing excessive forward motion of

the dummy. Consequently, the validity of comparing driver dummy measurements is

questionable. Figures 32-34 show the driver positions before the collisions and at initial

steering column contact for all three tests. A similar observation was made for the

Rabbit passengers in the Concord/Rabbit and Cutlass/Rabbit tests. The belt slid from

the shoulder, but not to the extent observed for the driver. In contrast, the Rabbit

passenger in the Marquis/Rabbit test appeared to have been well restrained by the

shoulder belt. Therefore, comparisons of passenger dummy measurements are also of

questionable validity.
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b) During Crash

FIGURE 32. Rabbit Shoulder Belt and Steering Column
Behavior — Concord Collision
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b) During Crash

FIGURE 33. Rabbit Shoulder Belt and Steering Column
Behavior — Marquis Collision
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b) During Crash

FIGURE 34. Rabbit Shoulder Belt and Steering Column
Behavior — Cutlass Collision
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Steering column behavior can also be observed in Figures 32-34. In the

Marquis/Rabbit test, although the entire instrument panel of the Rabbit appeared to

displace rearward, the column did not experience significant rearward or upward

displacement. Similarly, the column in the Cutlass/Rabbit test did not displace

significantly. However, in the Concord/Rabbit test, significant vertical displacement

of the column occurred, probably resulting in a more severe head impact than would

have occurred with no vertical displacement.

Restraint Survival Distances (RSD's) are shown in Table 19. Pre-test Available

Internal Distances (AIDS's), measured from the occupant chest to the instrument panel,

were used in the RSD calculations. Intrusion was not taken into account, since it

occurred at the firewall and would not have reduced available stroking distance in the

area of the thorax, where an airbag system would be deployed. The Concord is

indicated as being only slightly more aggressive than the Marquis, but considerably

more aggressive than the Cutlass.

Finally, the results of applying the ABAC model to the Rabbit occupants are

presented in Table 20. Occupants of the Rabbit struck by the Concord would have

experienced significantly greater peak chest accelerations, and column stroke would

have been significantly greater in the Rabbit/Concord collision, indicating that the

Concord is more aggressive than either the Marquis or the Cutlass.

2.2.4.2 Offset Frontal Collisions

As previously stated, the Marquis/Rabbit offset frontal collision was not

conducted. Comparisons, therefore, are limited to the Concord/Rabbit and

Cutlass/Rabbit offset tests.

Maximum crush and intrusion were much greater in the Rabbit struck by the

Concord than in the Rabbit struck by the Cutlass (Table 17), indicating more severe

structural loading.

Occupant compartment responses in the Rabbits are shown in Figures 35 (driver

side) and 36 (passenger side). Slightly higher driver side accelerations occurred in the

Rabbit struck by the Concord between 25 and 75 milliseconds, resulting in a more rapid

velocity change. On the passenger side, acceleration-time histories were very similar.
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TABLE 19

Restraint Survival Distance Calculations -- Full Frontal Crash Tests

Vo T* Dc AID Dp RSD
TEST (mph) (sec) (in) (in) (in) (in)

Concord/Rabbit 31.8 0.0625 21.13 26.0 28.73 18.41

Marquis/Rabbit 32.1 0.0566 21.80 26.0 28.40 19.40

Cutlass/Rabbit 31.7 0.0558 22.76 26.0 27.85 20.91
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Table 21 contains dummy measurements for the Rabbits. In general, values were

lower than in the full frontal collisions (Table 18). Also, there appear to be less

differences in HIC and peak chest acceleration measurements resulting from the two

striking vehicles than was observed in the full frontal tests. Viewing of the high speed

films showed that the driver's shoulder belt stayed well in place, offering optimum

restraint, in each collision. This contrasted markedly with the situation for the drivers

in the full frontal tests (discussed in Section 2.4.4. 1). For each of the passengers, some

movement of the belt off the shoulder occurred, but not until reasonable restraint had

been achieved. In view of the variances in shoulder belt behavior, comparisons of

dummy measurements between full and offset collisions are of questionable validity.

Restraint Survival Distances are shown in Table 22. Significant A-pillar

displacements occurred on the driver side in both collisions. Deformation in this region

was especially severe in the Rabbit struck by the Concord. These displacements were

subtracted from the pre-test AID's to obtain final AID's which were used to calculate

RSD's. For the driver, the Concord was found to be significantly more aggressive than

the Cutlass,

The ABAC modeling results are presented in Table 23. They indicate that the

Concord is more aggressive than the Cutlass, especially to the driver. The

aggressiveness difference is much less, however, than it was in the full frontal collision

mode. (Compare Tables 20 and 23.)

2.2.5 Conclusions

It was concluded that a significant difference in aggressiveness exists between the

Concord and either the Marquis or the Cutlass when impacted full frontally into a VW

Rabbit, the Concord being more aggressive. It is noteworthy that, in spite of the

Cutlass/Rabbit override, the responses of (and in) the Rabbits struck by the two

relatively non-aggressive cars were remarkably similar. In the case of the Marquis, it is

clear that the aggressiveness difference from the Concord was due exclusively to front

structural stiffness differences. For the Cutlass, structural and geometric (override)

effects are confounded; however, because the barrier responses of the Marquis and

Cutlass were so similar, as well as occupant responses in the Rabbits struck by these

cars, it is suspected that the front structural stiffness difference from that of the

Concord was primarily the cause of the aggressiveness difference.
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There was also a clear aggressiveness difference between the Concord and the

Cutlass in the offset collisions with the VW Rabbit. Again, the Concord was more

aggressive. The aggressiveness difference was considerably less than in the full frontal

collisions. It resulted primarily on the driver side due to much greater collapse in the

A-pillar region of the Rabbit struck by the Concord. It is suspected that the primary

cause of the difference was the greater front structural stiffness of the Concord, as

was the case in the full frontal collision mode.

Based upon the FRB vehicle responses and the Rabbit occupant responses from the

car/car crash tests, the following general characteristics for aggressive and

non-aggressive vehicles were noted. The aggressive AMC Concord experienced a small

crush value, and had an occupant compartment response characterized by a short pulse

duration with acceleration rising rapidly to an early peak value when striking the FRB.

In contrast, the less aggressive Cutlass and Marquis had large crush values

(approximately 45% greater than the Concord), and responses with long pulse durations

(about 30% longer), low accelerations early in the crash event, and late peak

accelerations (about 65% later).

2.3 Comparison of Crashsurvivable and Non-Aggressive Characteristics

From conclusions reached in Sections 2.1.5 and 2.2.5, it appears that the

characteristics of crashsurvivable and non-aggressive vehicles are the same. In fixed

rigid barrier crash testing, both exhibit large crush values and long-duration occupant

compartment responses, with low accelerations early in the event and late (but not

necessarily low) peak values.

3.0

FRONTAL PROTECTION - TEST PROCEDURE DEVELOPMENT

3.1 Ability of Fixed Rigid Barrier for Measuring Crashworthiness

3.1.1 Introduction

The Fixed Rigid Barrier (FRB) is widely accepted as a standard tool for

determining the potential for occupant survivability in real world vehicle crashes.
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Although the barrier collision duplicates in an exact manner only a small subset of

highway accidents, it differentiates among vehicles the ability to perform well or

poorly in a variety of collision configurations. However, direct comparisons of the

responses of vehicles in barrier collisions with those in specific car/car collisions have

rarely appeared in the literature.

In this study, responses in three different subject vehicles resulting from fixed rigid

barrier collisions were compared with responses measured in the same subject vehicles

when struck full frontally by other (larger) vehicles. The objective was to determine

how well the occupant responses in full frontal car/car collisions can be expected to be

simulated in fixed rigid barrier collisions.

3.1.2 Measurement of Occupant Protection

Several methods were used to determine and compare the level of occupant

protection (i.e., the degree of crashworthiness) in the barrier and car/car tests.

First, the occupant compartment acceleration responses (and velocity and

displacement responses derived therefrom) were examined. In general, high peak

accelerations, peak accelerations occurring early in the crash event, short pulse

durations and small values of dynamic crush have been found to indicate a high

probability of poor occupant protection. (See Section 2.1.)

Second, dummy measurements were compared for most of the crash tests. (In

some of the tests, for reasons to be discussed later, dummy measurements were felt to

be of questionable validity and were not used.)

Third, the behavior of the steering column was determined from examination of the

crash test films.

Fourth, Restraint Survival Distances (RSD's) were calculated for each crash pulse.

(See Section 2.1.3.) In determining available internal distances (AID's), occupant

compartment intrusion was taken into account by including A-pillar displacements.

Finally, the ABAC computer model was employed. (See Section 2.1.3.)

76



3.1.3 Crash Test Data

Data from three groups of crash tests (shown in Table 24) were analyzed. Each

group contains two high speed full frontal car/car collisions and one high speed car/FRB

collision. Within each group, the response of the small car striking the barrier was

compared to the responses that the small car experienced when struck by each of the

two larger cars.

TABLE 24 - Groups of Vehicle Crash Tests Analyzed

GROUP I

1975 Honda Civic/Fixed Rigid Barrier

1975 Honda Civic/1975 Ford Torino
1975 Honda Civic/ 1975 Plymouth Fury

GROUP II

1979 VW Rabbit/Fixed Rigid Barrier

1980 VW Rabbit/1980 Oldsmobile Cutlass
1980 VW Rabbit/ 1980 AMC Concord

GROUP III

1979 Plymouth Horizon/Fixed Rigid Barrier

1980 Plymouth Horizon/1980 Chevrolet Citation

1980 Plymouth Horizon/ 1980 Ford Mustang

In two of the groups (Groups I and II), the two large cars, although similar in

weight, had markedly different structural characteristics. The Ford Torino had a

relatively soft frontal structure (and, therefore, tended to be structurally

non-aggressive), whereas the Plymouth Fury had a relatively stiff frontal structure (was

structurally aggressive) (3). Similarly, as described in Section 2.2.4, the Oldsmobile

Cutlass was soft (non-aggressive), whereas the AMC Concord was stiff (aggressive).

Therefore, in each of Groups I and II, if the fixed rigid barrier were found to produce

responses in the small car which tended to fall halfway between the responses in the

small cars when struck by the two larger cars, then the barrier could be said to be

simulating a median or average large car, and thereby providing a reasonable measure

of crashsurvivability occurring in large car/small car fully aligned high speed frontal

collisions.

Referring to Group III, the relative frontal structural aggressiveness of the

Chevrolet Citation, compared with the Ford Mustang, was unknown. Therefore, the
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Plymouth Horizon's response from the fixed rigid barrier collision was not necessarily

expected to fall between the Horizon responses from the two car/car collisions in order

to indicate the barrier's ability to measure crashsurvivability in car/car collisions. If

the responses from all three collisions were found to be similar, however, then the

barrier would be indicated to be a reasonable simulator of the car/car collision.

3.1.4 Equivalent Impact Velocity Assumptions

If a car/barrier collision is to accurately simulate a car/car collision, a choice must

be made of the proper "equivalent impact velocity" (i.e., the impact velocity for the

car/barrier test which produces compartment and occupant responses which are

equivalent to those produced in the car/car collision being simulated). Two approaches

for determining equivalent impact velocity have been developed: equivalent momentum

and equivalent energy.

The equivalent momentum approach is based on the assumption that if the changes

in momentum for the small car from the small car/barrier and large car/small car

collisions are the same, then those two collisions will be equally injurious to the small

car occupants. The equivalent impact velocity according to this assumption is derived

in Reference 10, for the case where both vehicles in the car/car collision have the same

impact speed. The derivation results in the following expression:

where:

Vb = Vi

2M2

M
}
+ M2

( 1 )

Vfj = Impact velocity of vehicle 1 in the car/fixed rigid barrier collision.

Vj = Impact velocity of vehicle 1 in the car/car collision (half the closing

velocity).

M|, M 2 = Masses of vehicles 1 and 2.

In the equivalent energy approach, it is assumed that the vehicles in the car/car

collision share the amount of energy dissipation equally. It is further assumed that if

the energy dissipated by the small car in the barrier collision is equal to half the energy

dissipated in the car/car collision, then the two collisions are equally injurious to the

small car occupants. This approach yields the following expression when, as before, the

vehicles in the car/car collision have equal impact speeds: (10)
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The crash test impact velocities and the equivalent impact velocities calculated by

both approaches for the tests listed in Table 24 are presented in Table 25. It is seen

that in the Honda test series, the test velocities agreed closely with velocities derived

by the equivalent momentum approach; in the Rabbit series, the test velocities agreed

closely with velocities derived by the equivalent energy approach; and in the Horizon

series, although both approaches yielded similar velocities, the test velocities were

closer to those derived by the energy approach.

TABLE 25 - Test and Equivalent Impact Velocities

Test
Test
Impact*
Velocity

(mph)

Equivalent Impact
Velocity (mph)

Momentum
Approach

Energy
Approach

Honda/FRB 40.25

Honda/Torino 29.73 29.98 34.74

Honda/Fury 30.85 30.84 35.23

Rabbit/FRB 34.8

Rabbit/Cutlass 31.7 28.77 31.64

Rabbit/Concord 31.8 28.85 31.68

Horizon/FRB 34.86

Horizon/Citation 35.14 33.93 3^,39

Horizon/Mustang 35.08 32.70 33.76

*For the car/car tests, the test impact velocity was half the closing velocity.

3.1.5 Results

3. 1.5.1 Honda Series

Occupant compartment acceleration- and velocity-time histories for the three

Honda crash tests are shown in Figure 37. The Honda/FRB response differed

79



Velocity

(mph)

Acceleration

(g)

30-MAY-84- 09;39;03
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b) Velocity Response

FIGURE 37. Honda Occupant Compartment Responses
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substantially from those of the car/car collisions, exhibiting higher accelerations and a

much shorter crash pulse, although maximum static crush values were similar. This

would indicate the probability of a more severe environment for the occupants of the

Honda in the barrier collision than in either of the car/car collisions.

Dummy measurements were not used in the Honda series. The Honda/Torino and

Honda/F ury crash tests were conducted on a limited budget for the purpose of analyzing

and comparing vehicle structural behavior. The dummies used were not standard Part

572 devices and were not calibrated or placed in the vehicles according to specified

Part 572 procedures. Consequently, the accuracy of their responses, for the purposes of

this study, was questionable.

Steering column behavior in the car/car and car/FRB collisions is illustrated in

Figures 38 and 39, which were traced from the high speed motion picture films. In each

of these pictures, the driver had just contacted the steering column. Figure 38 shows

that column behavior was quite different in the two car/car collisions. In the

Torino/Honda crash, the column remained low, the steering wheel hub striking the

driver in the lower thorax. In the Fury/Honda crash, the column displaced upward as

well as rearward. In Figure 38B, the wheel had just contacted the driver's thorax. The

hub continued upward and appeared to strike the driver's chin and neck. Figure 39

shows two views of the Honda/FRB collision. It is clear that the hub struck the upper

thorax at a location between the contact points evident in the two car/car collisions.

Results of the RSD calculations are presented in Table 26.* RSD values in the two

car/car tests were nearly the same. The RSD value resulting from the FRB collision

was much less than those from the car/car tests, indicating that the barrier collision

was significantly less crashsurvivable than either of the car/car collisions.

TABLE 26 - RSD Calculations — Honda Series

TEST RSD (in)

Honda/FRB 6.8

Honda/Torino 1 1.4

Honda/Fury 11.0

*Slight differences exist in RSD values for the car/car collisions from those in

Reference 3. For Reference 3, computations were done by hand; for this study, a

computerized procedure was used.
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b) Honda/Fury

FIGURE 38. Honda Steering Column Behavior Car/Car Collision
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b) Front View

FIGURE 39. Honda Steering Column Behavior — FRB Collision
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Results of the ABAC model simulations, presented in Table 27, indicate that the

F ury was more aggressive than the Torino, and that the Honda/FRB collision was

considerably more severe to the Honda's occupants than either of the car/car collisions.

3. 1.5.2 Rabbit Series

Occupant compartment responses from the three Rabbit collisions are shown in

Figure 40. (See Section 2.4.4. 1 for further description of the Concord/Rabbit and

Cutlass/Rabbit Collisions.) The velocity change of the Rabbit struck by the Concord

was more rapid than that of the Rabbit struck by the Cutlass, indicating that the

Concord is the more aggressive car. The barrier collision response was fairly well

bracketed between the two car/car responses for nearly the full duration of the

collision events.

The cause of the aggressiveness difference between the Concord and the Cutlass,

as discussed in Section 2.2.3, is not clearly known. Two factors (front structural

stiffness and frame geometry) may have contributed to the aggressiveness difference,

and both are apt to influence the response of a small vehicle in a real world car/car

collision. Therefore, it is felt that the difference observed between the two car/car

responses of Figure 40 is realistic.

A summary of dummy measurements is presented in Table 28. These

measurements indicate that the Concord was more aggressive to the Rabbit occupants

than the Cutlass. The Rabbit/FRB collision resulted in head and chest measurements

which were either between or very close to those of the two car/car collisions; and in

femur and belt loads which were higher.

However, the validity of comparisons among dummy measurements from the three

tests is questionable for two reasons. First, the Rabbit in the FRB collision had passive

(automatic) belts, whereas the Rabbit used in the car/car tests had standard belts.

Secondly, differences occurred in the Rabbit shoulder belt behavior for the two car/car

tests (see Section 2.2.4. 1.)

Steering column behavior is illustrated in Figures 32, 34 and 41. In the

Concord/Rabbit crash, the column displaced upward considerably more than in the
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FIGURE 40. Rabbit Occupant Compartment Responses
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b) During Crash

FIGURE 41. Rabbit Shoulder Belt and Steering Column Behavior —
FRB Collision

a) Pre-Crash

88



Cutlass/Rabbit crash. Because of the different camera angle, it is difficult to compare

vertical motion of the column in the FRB test with that in either car/car test. It

appears, however, to have displaced upward more than in the Cutlass collision, but

somewhat less than in the Concord collision.

Results of the RSD calculations, presented in Table 29, indicate that the Concord

was more aggressive than the Cutlass. The RSD value from the FRB collision fell

between those from the two car/car collisions, but was much closer to the value from

the Rabbit/Cutlass test.

TABLE 29 - RSD Calculations -- Rabbit Series

TEST RSD (in)

Rabbit/FRB 20.6

Rabbit/Cutlass 20.9

Rabbit/Concord 18.4

The ABAC model simulation results appear in Table 30. They indicate, as did the

RSD calculations, that the Concord was the more aggressive car. The Rabbit/FRB

collision resulted in driver and passenger ABAC values which almost consistently fell

between values from the two car/car collisions, but were closer to the Rabbit/Cutlass

values.

3.1. 5.3 Horizon Series

The occupant compartment responses from the three Horizon tests, shown in

Figure 42, were generally very similar. In particular, the Horizon/FRB and

Horizon/Citation responses were essentially identical for the first 70 milliseconds of

the event. The Horizon/Mustang collision resulted in a somewhat higher deceleration

between 40 and 70 milliseconds. From the velocity curves, it is seen that the response

from the FRB collision was well bracketed between the two car/car responses.

A summary of the dummy measurements is presented in Table 31. The Mustang

was indicated as being somewhat more aggressive than the Citation. The barrier

collision resulted in measurements which were comparable to those from the car/car

collisions, except for values of HIC, which were lower. Observation of the films
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indicated that, in contrast to the Rabbit series, the shoulder belts stayed well in place

during all three crashes for drivers and passengers. Figures 43-45 illustrate this for the

drivers. Also apparent in these figures is the fact that steering column displacement

was similar in all three tests.

Results of the RSD calculations appear in Table 32. The Citation appears to have

been very slightly more aggressive than the Mustang; and the FRB, in turn, very slightly

more aggressive than the Citation. However, since the maximum difference did not

exceed one inch, it is not likely that the differences were significant.

TABLE 32 - RSD Calculations ~ Horizon Series

TEST RSD (in)

Horizon/FRB 14.7

Horizon/Citation 15.2

Horizon/Mustang 15.6

The ABAC model simulation results. Table 33, indicate the Mustang to have been

slightly more aggressive than the Citation for the drivers (all sizes) and the 95th

percentile passenger. For all occupants, the results of the FRB and Citation collisions

were essentially the same.

3.1.6 Conclusions

In the Honda series, where the crash test velocities agreed closely with velocities

derived by the equivalent momentum approach, all of the methods used to determine

the potential for occupant protection indicated that the fixed rigid barrier was much

more severe to the Honda occupants than were the two car/car collisions. In the Rabbit

series, where test velocities agreed with velocities derived by the equivalent energy

approach, the fixed rigid barrier caused vehicle and occupant simulation (RSD and

ABAC) response levels which consistently fell between the response levels caused by

the two striking cars. Since the two large cars in each of these two test series

represented both ends of the large car structural aggressiveness spectrum, it appears

that the fixed rigid barrier is an accurate crashworthiness-measuring device for high

93



a) Pre-Crash

b) During Crash

FIGURE 43. Horizon Shoulder Belt and Steering Column
Behavior — Citation Collision
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a) Pre-Crash

— » '

b) During Crash

FIGURE 44. Horizon Shoulder Belt and Steering Column
Behavior — Mustang Collision
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FIGURE 45. Horizon Shoulder Belt and Steering Column
Behavior — FRB Collision
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speed full frontal car/car collisions, if test velocities are selected on the basis of

equivalent energy between car/FRB and car/car collisions as opposed to equivalent

momentum.

In the Horizon series, the distinction between equivalent energy and equivalent

momentum approaches is much less, although test velocities were closer to those

derived by the energy approach. This observation, together with the fact that most of

the responses (compartment responses, RSD calculations and ABAC simulations) agreed

so closely between fixed rigid barrier and car/car collisions, tend to confirm that the

fixed rigid barrier is an accurate crashworthiness-measuring device for high speed full

frontal collisions if equivalent velocities are computed by the energy approach.

3.2 Barriers for Measuring Aggressiveness

3.2.1 Introduction

Three crash barriers have been widely used by NHTSA in recent years in a variety

of crashworthiness studies.

The fixed rigid barrier (FRB) is the most common and is used extensively

throughout the safety community. (Section 3.1 provides an evaluation of its use as a

crashworthiness-measuring device.)

The fixed load cell barrier (FLCB) consists of a load cell barrier unit which

contains 36 independent loading surfaces, each of which transmits force through a

single load cell (Figure 46). The unit attaches to a standard FRB. It does not deform

under load, providing essentially identical loading to a vehicle as does the FRB, but

allows load distribution over the vehicle's front surface to be measured with a high

degree of resolution.

The moving deformable barrier (MDB) was developed primarily for side impact

testing. It is illustrated in Figure 47 and described in Reference II. The crushable

front portion is constructed of aluminum honeycomb, and provides crush characteristics

similar to a structurally stiff domestic automobile. It contains a bumper-height

projection made from stiffer honeycomb than the rest of the surface, to allow

simulation of the behavior of a striking car's bumper.
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Sections 2,2.3 and 2.2.4 describe the selection of aggressive and non-aggressive

large cars and the results of crash tests (full and offset frontal) between the large cars

and a reasonably crashsurvivable small car. It was determined that a significant

aggressiveness difference existed between the AMC Concord (aggressive) and the

Mercury Marquis (non-aggressive). In this section, the results and analysis of crash

tests of these two vehicles into three different types of barriers are presented. The

objectives were:

1. To determine which measurements from which of the three barrier crash tests

correlated best with the degree of aggressiveness of the large cars, and thereby

provided the best measure of aggressiveness; and

2. To make preliminary compliance test procedure recommendations and develop a

more extensive crash test program to support the test procedure (recommending

test device or procedure modifications if necessary).

3.2.2 Test Results

Six car/barrier tests were conducted. The AMC Concord and the Mercury Marquis

each were crashed into a FRB, a FLCB and a MDB. A summary of vehicle data and test

conditions appears in Table 34.

3.2.2.1 Repeatability

Since the FRB and the FLCB should provide identical loading to an impacting

vehicle, the Concord and Marquis responses against these barriers were examined to

provide an indication of the vehicle response repeatability. It should be noted in Table

34, however, that some substantial differences in test conditions existed between the

two Concords and the two Marquis'. First, vehicles tested were of different model

years. Secondly, test weights were different. The Concord went into the FLCB with

5% greater kinetic energy than in the Concord/FRB collision; the energy difference in

the two Marquis collisions was approximately 6%.

Occupant compartment responses are presented in Figures 48 and 49. For the

Concord (Figure 48), the FRB produced higher accelerations and a shorter pulse
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FIGURE 48. Occupant Compartment Responses of Concords
FRB and FLCB Collisions
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a) Acceleration Response

FIGURE 49. Occupant Compartment Responses of Marquis •

—

FRB and FLCB Collisions
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duration. Consistent with these differences is the fact that the Concord's crush against

the FLCB was considerably greater (15% to 18%) than that of the Concord in the FRB

crash. (See Table 34.) No reasons, other than those mentioned above, have been found

for these differences. Responses of the two Marquis' were very similar (Figure 49,

Table 34).

3.2.2.2 Fixed Rigid Barrier (FRB)

Since the aggressive Concord and nonaggressive Marquis were selected on the basis

of FRB test results, it is obvious that substantial differences in their responses

occurred. Figure 50 shows that the Concord's occupant compartment acceleration

increased rapidly to its peak value. The Marquis experienced considerably more crush

early in the event at relatively low force levels. Although peak accelerations from the

two crashes were about the same, the time at which the peak occurred for the Marquis

was 40% later than for the Concord. Total pulse duration was about 20% greater for

the Marquis. From the velocity-time histories, it can be seen that it took nearly 40%

longer for the Marquis to achieve 90% of its total velocity change than for the Concord

to do so. Data in Table 34 show that the Marquis experienced much greater crush than

the Concord; 37% and 51% greater, for static and dynamic crush values, respectively.

The differences seen between the Concord and Marquis FRB collisions are far

greater than the differences described in Section 3.2.2. 1 between the Concord FRB and

FLCB collisions. Therefore, although some repeatability concern exists, it is clear that

the differences between the two large car FRB responses are indisputable.

3.2.2.3 Fixed Load Cell Barrier (FLCB)

Occupant compartment responses of the Concord and Marquis impacting the FLCB

are shown in Figure 51. Although differences were less pronounced than for the FRB

collisions, observations were similar. The Concord acceleration pulse peaked earlier

and was of shorter duration. The Marquis crushed early in the event, at relatively low

force levels. Table 34 indicates very substantial crush differences between the two

cars. The Marquis' maximum static and dynamic crush values were 22% and 37%

greater, respectively.
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(g)

23-MAY-84 08:46:57

a) Acceleration Response

FIGURE 50. Occupant Compartment Responses of Concord
and Marquis — FRB Collisions
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23-MAY-84 08:53:02

FIGURE 51. Occupant Compartment Responses of Concord
and Marquis — FLCB Collisions
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The total forces recorded by the barrier load cells are presented in Figure 52.

(Force-time data were processed through a phaseless, low pass Butterworth filter with a

100 Hz cutoff frequency and -40 db attenuation at a stop band frequency of 317 Hz.)

Similarity with the cars' occupant compartment acceleration responses is apparent; the

force from the Concord crash peaked earlier and was of shorter duration than that from

the Marquis.

Accuracy of the total force measurement was checked for each vehicle by

integrating the force-time curve to obtain total impulse and comparing that with

vehicle momentum change, using the impulse-momentum relationship:

Jf dt = mAV (1)

To obtain values for AV, vehicle rebound velocities were estimated from both

acceleration and photographic target displacement data. The results were as follows:

Concord Marquis % Difference

mAV (Ibs-sec) 6534 6953 + 6.4

Jf dt (Ibs-sec) 6021 7560 + 25.6

% Difference -7.9 +8.7

Agreement between the impulse obtained by integration of the force-time curve and

through use of equation (1) was within 10% for each vehicle. Also, momentum changes

of the two vehicles agreed to within 6.5%. However, the difference between

integration-obtained impulses for the two cars was greater than 25%. Although

substantial, this difference did not prevent the obtaining of useful information

regarding impact force differences between the two cars, as will be seen subsequently.

For purposes of comparing force distributions, the load cells were grouped as shown

in Figure 53. Forces from the individual load cells in each group were summed, and are

presented in Figures 54-59.

Also shown in Figure 53 are the heights above ground level of each row of load

cells and of the hood edges and the bottoms and tops of the bumpers of the Concord and

Marquis (pre-test). Although initial contact between the vehicles and the barrier face
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FIGURE 52. Total Force — Concord and Marquis
Collisions with FLCB
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Force

(klb)

Force

(klb)

24-JUL-84 14:36:15

FIGURE 54. FLCB Group I Forces —
Concord and Marquis Collisions

FIGURE 55. FLCB Group II Forces —
Concord and Marquis Collisions
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Force
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24-JUL-04 14:45:25

FIGURE 56. FLCB Group III Forces —

FIGURE 57. FLCB Group IV Forces —
Concord and Marquis Collisions
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Force

(kib)

Force

(kib)

24-JUL-84 14:55:41

FIGURE 58. FLCB Group V Forces —

FIGURE 59. FLCB Group VI Forces —
Concord and Marquis Collisions
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obviously occurred along rows B and C, several of the load cells in rows A and D also

carried significant forces as the result of vertical deformation of the cars' front

structures during crushing.

Two observations were made from Figures 54-59. First, the Marquis collision

resulted in greater impulses in five out of the six load cell groups. In the sixth group

(Group V), however, the Concord impulse was much greater than in any other group for

either vehicle. This indicates that a very different stiffness distribution exists in these

two cars. Specifically, much of the total Concord frontal structure stiffness appears to

be concentrated in the center bumper area, while the Marquis' stiffness is reasonably

well distributed over its frontal area.

The second observation was that in each load cell group, maximum force (and most

of the impulse) occurred later for the Marquis than for the Concord.

In order to quantify the force distribution differences, the impulse from each load

cell group was calculated and was normalized with respect to the total impulse on the

barrier. This was done for each vehicle. The results appear on the left side of Figure

60. For the Marquis, about 75% of the total impulse was carried fairly uniformly over

the lower three load cell groups (the bumper contact region). Impulse distribution was

markedly different for the Concord. About 85% was carried by the lower three groups,

with nearly 50% occurring on the center group. It is interesting that the Marquis, a

vehicle which demonstrated less aggressiveness structurally in a full frontal collision

than did the Concord, appears to be stiffer on the corners and may exhibit more

aggressiveness in offset collisions than the Concord.

Quantification of the difference in the time phasing of the force application was

accomplished by calculating the centroid of the force-time pulse in each load cell group

(i.e., the time at which the impulse reached half its total magnitude). These results are

shown on the right side of Figure 60. For five load cell groups, the centroids (times to

achieve half the impulses) from the Concord collision were one-half to two-thirds of

what they were from the Marquis. For the sixth load cell group (notably, the one

114



02-MAY-

84

12-

15-

15

4 ,L

e o
_o
rO

I

8

I

T

00 L 00 0

(oasuu) pioj]U93 3S|ndixi|

|/| 0pn3u6D[/\ as|nduui

aooH

i—

y3di^na

V)

D
cr
i_

o

T3

O

0>

T5
D

115



heavily loaded from the Concord collision), centroids were nearly the same. Thus, loads

increased much more rapidly in the Concord test except in the area where load was

greatest, where force build-up occurred only slightly more rapidly.

It is interesting that force consistently increased more rapidly on the corners of

the Concord, where impulse magnitudes were lower than for the Marquis. It would be

highly desirable to conduct the Marquis/Rabbit offset frontal collision, as originally

planned, in order to study the relative importance of corner stiffness (which appears

greatest for the Marquis) and time of force build-up (shortest for the Concord) with

respect to aggressiveness.

3. 2.2. 4 Moving Deformable Barrier (MDB)

Occupant compartment responses of the Concord and Marquis striking the MDB are

presented in Figure 61. Responses were similar to those resulting from the FLCB, in

that the Concord's acceleration level was higher early in the event. Differences were

less pronounced, however. The velocity-time curves were considerably closer to each

other than in the FLCB collisions, and the pulse durations were essentially the same for

the two vehicles.

Figure 62 shows responses of the barrier from the two tests. As with the cars'

occupant compartment responses, differences were small. The barrier striking the

Concord had a slightly earlier acceleration peak and a slightly shorter pulse duration.

The magnitude and distribution of crush over the surface of the MDB are shown in

Figure 63. Each of the four graphs is a plan view, depicting crush at a given elevation.

The four elevations at which measurements were made were the heights of the car's

lower bumper, upper bumper, half-way point between bumper and hood, and hood. The

original honeycomb thickness was 15 inches for the upper two elevations, and 19 inches

for the lower two (accounting for the "bumper" projection of four inches).

Figure 63 indicates that the Marquis' penetration of the barrier was reasonably

uniform at all four elevations. The Concord's penetration, at the top three elevations.
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a) Acceleration Response

FIGURE 61. Occupant Compartment Responses of Concord
and Marquis — MDB Collisions

117



23-MAY-84 11:36:55

FIGURE 62. MDB Responses — Collisions with Concord and Marquis.
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was somewhat concentrated at the center. At the lower bumper elevation, it was more

nearly uniform, but that was probably the result of bottoming the aluminum

honeycomb. Note that penetration over the center 40 inches is within three to four

inches of the back surface of the honeycomb. The fact that the Concord caused a more

centrally concentrated deformation pattern is consistent with the results of the FLCB

tests (Section 3.2.2.3), which indicated a higher, more concentrated force exerted by

the center of the vehicle's front structure.

Maximum values of static crush of the cars and barrier faces are presented in

Table 34. In contrast to the results of the other barrier tests, the maximum crush of

the Concord was greater (by 9 %) than that of the Marguis. To attempt to explain this

apparent anomaly, estimates were made of the amount of kinetic energy dissipated

through crush of the cars in the various barrier collisions. This Calculation was very

simple for each of the FRB and FLCB collisions, where all the vehicle's kinetic energy

was dissipated in crushing the vehicle. For each MDB test, an approximation was made

of the total crush of the barrier. It was important, but difficult, to estimate the

amount of crush of the stiffer honeycomb which represented the bumper. By assuming

that the bumper element was crushed 2 inches (half its depth), it was felt that an upper

bound would be obtained for the amount of energy absorbed by the barrier face. Table

35 shows the results of the calculations (assuming purely plastic collisions). It is

estimated that significantly more energy had to be dissipated by the cars in the MDB
collisions than in the FRB or FLCB collisions. Figure 61 shows that the Marquis

experienced higher accelerations late in the crash event than the Concord, indicating

that the stiffness of the aft part of the Marquis' frontal structure (just forward of the

occupant compartment) is greater than that of the Concord. These factors could

account for the fact that total vehicle crush values did not follow the same trend as in

the other barrier tests.

Maximum barrier face crush (again, refer to Table 34) was nearly the same in the

two MDB collisions. This undoubtedly is due to the fact that the Concord essentially

bottomed the honeycomb and the Marquis nearly did the same.
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TABLE 35

Energy Dissipation Estimates — Barrier Collisions

Energy (ft-lbs) Dissipated by:

Test Car Barrier

Concord/FRB 148,800 0

Marquis/FRB 176,800 0

Concord/FLCB 156,200 0

Marquis/FLCB 166,900 0

Concord/MDB >194,000^ < 68,000*^

Marquis/MDB >190,000^ < 64,000**

Lower bound values

Upper bound values



3. 2, 2. 5 Summary of Results

Differences in responses of the two cars (acceleration pulse shape and duration,

and maximum crush) were somewhat greater in the FRB and FLCB tests than in the

MDB tests (the more aggressive Concord having substantially less crush, a shorter

duration pulse and an earlier peak acceleration than the less aggressive Marquis).

Barrier load cell data from the FLCB collisions revealed substantial differences in load

distribution and time-phasing between the two cars. The Concord's stiffness was more

centrally concentrated and forces peaked much earlier. Energy levels in the MDB
collisions were probably too high. Bottoming of the honeycomb occurred over a large

area of the barrier face in the Concord collision and it appeared that the Marquis nearly

caused bottoming. Thus, maximum barrier crush values were nearly the same in the

two tests. Evidence of the Concord's more centrally located stiffness and the Marquis'

more uniform stiffness distribution was seen, confirming results of the FLCB tests.

3.2.3 Conclusions and Recommendations

The three barriers were found to be approximately equal in their ability to

discriminate structural aggressiveness differences between the AMC Concord and the

Mercury Marquis. The FRB and the FLCB produced a somewhat greater response

difference between the two cars than did the MDB. Both the FLCB and the MDB

demonstrated their potential for measuring stiffness distribution over the front area of

the vehicles. It could not be determined how significant the observed stiffness

distribution differences were with respect to aggressiveness, however, since one of the

planned car/car offset crash tests was not conducted.

It is recommended that the Marquis/Rabbit offset frontal crash test be performed.

If the aggressiveness difference between Concord and Marquis in the offset mode were

found to be considerably less than it was in the full frontal mode, the indication would

be that stiffness distribution has a significant effect on aggressiveness. It could then be

concluded that measuring the distribution of a car's frontal stiffness, by using either the

FLCB or the MDB, is important in determining its aggressiveness. If the aggressiveness

difference between Concord and Marquis in the offset mode were found to be the same

as it was full frontally, this would indicate that stiffness distribution differences (to the
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extent they exist for these two cars) are not important in relationship to

aggressiveness. If this were true, the importance of measuring stiffness distribution

would be greatly diminished, and use of the simple FRB test for measuring

aggressiveness may be sufficient.

It is recommended that, in further car/MDB testing, vehicle impact velocities be

reduced from what they were in the Concord and Marquis MDB collisions. This will

prevent bottoming of the barrier's honeycomb face and will reduce the amount of

energy being dissipated by the car to a more reasonable value.

If, upon conducting the Marquis/Rabbit offset test, it were determined that

stiffness distribution is important, then consideration should be given to repeating the

Concord and Marquis MDB tests at lower impact velocities. This would enable a better

evaluation to be made of this barrier's ability to measure aggressiveness relative to that

of the FLCB barrier.

In this study, test results from only two vehicles (Concord and Marquis) were

evaluated to indicate how structural aggressiveness might best be measured. It is

recognized that additional testing with later model year vehicles will be necessary to

firmly establish a reliable aggressiveness-measuring test methodology.

4.0 SIDE PROTECTION - VEHICLE STRUCTURAL CHARACTERISTICS

4.1 Introduction

It has been postulated that occupant injury severity in car-to-car side collisions

may be a function of the frontal stiffness distribution of the striking car. A series of

crash tests were analyzed in order to determine how much difference exists in the

frontal stiffness distributions of similar weight cars.

4.2 Crash Test Data

The analyzed tests were moving load cell barrier (MLCB)-to-car frontal crash tests

conducted by Dynamic Science, Inc. (12). The test data are summarized in Table 36.

With the exception of test number 2.4, all tests were conducted with the test vehicle
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TABLE

36

MLCB

Car

Crash

Test

Data

Summary
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initially at rest being struck by the moving barrier. The barrier face v/as an earlier

version of the one described in Section 3.2.2.3. It contained 40 load cells, each covered

with a 1-1/2" thick plywood striking surface, arranged in four horizontal rows. (In test

number 2.1, 6" thick pieces of energy-absorbing honeycomb were used in place of the

plywood.)

4.3 Analysis Results

As a check on the load cell recordings for each test, the total force-time history

was integrated and used in the Impulse-Momentum Equation to calculate the car's

velocity change. (The total force-time histories are shown in Figures 64 — 67.) The

calculated velocity change was then compared with the velocity change obtained by

integrating the measured accelerometer data. As shown in Table 36, large percentage

differences existed between the velocity changes obtained from load cell and

accelerometer data for the Citation, Cutlass, and Impala in the full frontal crash tests.

Therefore, the value of comparison of frontal stiffness distribution was questionable.

The cause of the low velocity changes as derived from the load cells is not known.

However, it is possible that the load cells bottomed out as in other tests with this

barrier configuration (13) (especially since they were conducted at 40 mph impact

velocities).

Although the full frontal data were questionable, the 30° frontal crash tests

(conducted at 30 mph impact velocities) did provide a good comparison of frontal

stiffness distribution. The Car/MLCB load cell interface and load cell grouping (six

groups) are shown in Figure 68 for the 30° frontal tests. Figures 69 — 71 show the load

cell data for the Citation and Fairmont divided into three groups and sequenced by

contact time with the car. Although the total force-time histories for the Citation and

Fairmont were comparable (Figure 66), Figures 69 and 70 indicate that significant

differences existed in the frontal stiffness distribution. The Citation was much stiffer

than the Fairmont on the front left corner (Figure 69), while it was much softer in the

center as indicated by contact with the load cells in groups 5 and 6 (Figure 70). Forces

sustained by the load cells in groups 1 and 2 (Figure 71) were most likely caused by

rotation of the vehicle late in the crash event, and were not significant in terms of the

stiffness distributions. Finally, the load cell data for all six groups are shown in Figures
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FIGURE 66. Citation and Fairmont Total FLCB Force
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FIGURE 69. MLCB Group 3 and 4 Forces —

FIGURE 70. MLCB Group 5 and 6 Forces —
Citation and Fairmont 30° Frontal.
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FIGURE 71. MLCB Group 1 and 2 Forces —
Citation and Fairmont 30“ Frontal

FIGURE 72. MLCB Group 3 Forces
Citation and Fairmont 30“ Frontal.
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72 -- 77. These figures show that the significant differences in frontal stiffness

distribution exhibited in Figures 69 and 70 were due primarily to stiffness differences at

the bumper level.

Force-time history comparisons for the Cutlass and Impala 30° frontal crash tests

are shown in Figures 78 -- 80. Conclusions regarding possible differences in the frontal

stiffness distribution for the Cutlass and Impala are not possible. The Impala sustained

higher force levels both on the corners and in the center (Figures 78 and 79). This

effect was probably due to the weight differences of the two cars. In addition, the

duration of force for the Cutlass was somewhat different than for the Impala. On the

corner, the Impala force duration was shorter than the Cutlass, while in the center it

was longer. This was possibly caused by the difference in velocity change.

4.4 Conclusions and Recommendations

Significant differences were found in the frontal force distributions between the

Citation and the Fairmont in 30° frontal collisions. It is recommended that frontal

stiffness distribution differences among vehicles be further explored, and that the

effects of these differences on struck car occupant injury severity be investigated.

This could be done by component testing, sled testing, and/or crash testing with either

car/car or MDB/car impacts.
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FIGURE 73. MLCB Group 4 Forces —
Citation and Fairmont 30° Frontal

FIGURE 74. MLCB Group 5 Forces —
Citation and Fairmont 30° Frontal.
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FIGURE 75. MLCB Group 6 Forces —
Citation and Fairmont 30° Frontal

FIGURE 76. MLCB Group 1 Forces —
Citation and Fairmont 30° Frontal.
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FIGURE 77. MLCB Group 2 Forces —
Citation and Fairmont 30 Frontal

FIGURE 78. MLCB Group 3 and 4 Forces —
Cutlass and Impala 30 Frontal.
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FIGURE 79. MLCB Group 5 and 6 Forces —

FIGURE 80. MLCB Group 1 and 2 Forces —
Cutlass and Impala 30' Frontal.
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APPENDIX A

Difficulties in Obtaining Static Crush Values

Uncertainties in extracting static crush values from the test reports were

encountered. In general, static crushes are reported in at least three locations in the

test reports, depending on the contractor. Dynamic Science, Inc. (DSI), and Calspan

Corporation use a similar procedure to obtain pre- and post-crash measurements. In

addition, DSI publishes a Vehicle Profile Data Sheet, showing crush values at several

locations across the front of the vehicle. In Table A-1, crush values XI, X19, X20 and

the maximum crush value appearing in DSI's Vehicle Profile Data Sheet are presented.

The word "center" indicates that the maximum value in the Vehicle Profile Data Sheet

is at the centerline of the vehicle.

It is clear from Table A-1 that discrepancies exist in the static crush values. For

this reason, only dynamic crush values were used in the analysis.
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APPENDIX B

Summary of Occupant/Airbaq Modeling Improvements

The objective of this task was to define a revised ("standard") set of input

parameters for each of two models, ABAC and HSRI-3D, which would be aimed at

providing a model which could predict occupant survivability in many different

vehicles. The "original" sets of parameters for the models were derived from 30 mph

barrier crash test data, and are described in the SRL-8/9 final report (for ABAC) and in

documentation from G.E. and HSRI (for HSRI-3D). Since the development of the

"original" parameters, 35 mph barrier crash data have become available, enabling

validation of parameters for higher speed simulation. Of all the crash tests, the

Citation (Minicars Test No. 1853) is the one best suited for assessing a model's

capability to determine crashsurvivabiiity potential. (Most other tests experienced

some performance complication, such as steering column uploads, bagslap, etc.)

Therefore, results of Test No. 1853 were used in deriving the revised ("standard") model

parameters; then the models with "standard" parameters were used to determine how

well other test results were simulated.

It was concluded that:

1. Using revised ("standard") parameters, the degree of simulaton of Citation

Test No. 1853 was about equal for both models, and was reasonably good.

Furthermore, simulation of the other vehicle tests, using parameters derived

from Test No. 1853, was felt to be reasonably good, considering the fact that

some steering column behavior problems occurred in the tests. HSRI-3D

driver simulations for some of the vehicles experienced abrupt and premature

terminations due to a lack of convergence in an integration subroutine. The

program error appears to have been caused by very high contact forces which

would have to be changed for each vehicle in order to alleviate the problem.
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2. The "standard" set of parameters for the ABAG model gave results which

appeared reasonable for 5th percentile female and 95th percentile male

occupants.

3. The ABAG model, due to its relative simplicity, ease of use and improved

documentation compared with the HSRI-3D model, was felt to be more

suitable for use in comparing general overall crashsurvivability levels in

different vehicles. The HSRI-3D model indicated a strong potential for use in

specific modeling of detail for design purposes in a particular vehicle.

4. Both models required the use of dynamic, rather than static, steering column

force-deflection characteristics.
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